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Macrolide antibiotics inhibit protein synthesis by targeting the bacterial ribosome. They bind at the nascent peptide exit tunnel and partially occlude it. Thus, macrolides have been viewed as 'tunnel plugs' that stop the synthesis of every protein. More recent evidence, however, demonstrates that macrolides selectively inhibit the translation of a subset of cellular proteins, and that their action crucially depends on the nascent protein sequence and on the antibiotic structure. Therefore, macrolides emerge as modulators of translation rather than as global inhibitors of protein synthesis. The context-specific action of macrolides is the basis for regulating the expression of resistance genes. Understanding the details of the mechanism of macrolide action may inform rational design of new drugs and unveil important principles of translation regulation.
Understanding the Mechanisms of Antibiotic Action Is Necessary for the Development of Better Drugs and New Tools for Fundamental Research
Antibiotics, the drugs that help to cure infectious diseases caused by bacterial pathogens, have saved countless lives. Unfortunately, the excessive use of antibacterials in the clinic, veterinary medicine, and farming has led to the development of resistance. Searching for new drugs will be necessary to combat the spread of pathogens resistant to the available antibiotics. It is equally crucial to understand the mechanistic basis of action of currently used antibiotics because this could lead to rational, innovative strategies for designing more efficient treatments. In addition, knowing how antibiotics work may contribute to their use as tools for unraveling the basic mechanisms of translation.
The ribosome, which is responsible for the synthesis of all cellular proteins, is one of the best antibiotic targets. Many antibacterials inhibit cell growth by interfering with ribosome functions [1, 2] . Among them are the macrolides, which have been used medically for more than six decades. However, we are only starting to understand the true mode of action of these antibiotics. Recent advances have revealed that, instead of being simple inhibitors of protein synthesis, ribosome-targeting macrolides are modulators of translation. By deciphering how macrolides exploit the vulnerabilities of the protein synthesis apparatus we may find new ways to develop better drugs and uncover fundamental aspects of the ribosomal response to environmental cues.
The Classic Model of Macrolide Action Needs Revision
Macrolide antibiotics (Box 1) inhibit protein synthesis by targeting the nascent peptide exit tunnel (NPET; see Glossary) of the bacterial ribosome (Box 2). The NPET, which is approximately 100 Å in length and 10-20 Å wide, is a passageway through which the synthesized protein leaves the ribosome. Traditionally, it has been thought that macrolides stop translation simply by clogging the NPET, thereby blocking the passage of all the newly made polypeptides once they grow to the size of 3-10 amino acids [3] [4] [5] [6] [7] . To some extent this view has been Ribosome-targeting macrolide antibiotics were thought to simply plug the nascent peptide exit tunnel and interrupt the synthesis of any protein. However, structural, biochemical, and genome-wide studies have revealed that macrolides are highly selective modulators of protein synthesis.
Macrolide molecules together with specific nascent peptides in the ribosomal tunnel allosterically affect the functional properties of the catalytic center of the ribosome.
The macrolide-bound ribosome is unable to polymerize specific amino acid sequences in the nascent protein.
Programmed translation arrest that controls the expression of macrolide resistance genes exploits the context-specific action of macrolides.
The principles of the interplay between macrolides and nascent peptides that modulate the functions of the ribosome may apply to translational control exerted by other small molecules that interact with the ribosome.
Glossary
Cryo-electron microscopy (cryo-EM): a technique that allows the structures of biomolecules to be studied by capturing them at cryogenic temperatures. Erythromycin-resistance methyltransferases (Erms): enzymes that mono-or dimethylate nucleotide A2058 of 23S ribosomal RNA (E. coli numbering), precluding binding of macrolides to the target site. Their activity in pathogenic bacterial strains constitutes one of the main resistance mechanisms against the macrolides and two other families of NPET-binding antibiotics. Leader ORF: a short open reading frame (ORF) located upstream of an inducible resistance gene; the expression of the resistance gene is often controlled by programmed translation arrest within this ORF. Macrolide arrest motifs (MAMs): amino acid sequences that the macrolide-bound ribosome is unable to efficiently polymerize. Nascent peptide exit tunnel (NPET): a void channel spanning the body of the large ribosomal subunit through which the protein polymerized in the PTC is threaded to then leave the ribosome. Peptidyl transferase center (PTC): located in the large ribosomal subunit, the active site of the PTC catalyzes the formation of peptide bonds between the C-terminal amino acid of the nascent peptide and the incoming amino acid. Ribo-seq: a technique, also known as 'ribosome profiling', that allows visualization of the distribution of translating ribosomes along mRNAs in the living cell.
supported by structural studies showing that a macrolide molecule bound in the NPET significantly narrows the tunnel ( Figure 1A-C) . The 'plug-in-the-bottle' model was also compatible with in vitro experiments showing that translation of some artificial mRNAs in the presence of erythromycin (ERY) resulted in the accumulation of peptidyl-tRNAs carrying short peptides, indicative of interruption of translation in its early rounds [7, 8] . Peptidyl-tRNA accumulation was also observed in macrolide-treated cells [9] .
However, in the past several years the simplistic view of macrolides acting as mere plugs of the NPET has been significantly transformed. New data have shown that these antibiotics allow passage of some nascent peptides through the NPET and can interfere with synthesis of a protein in a context-specific manner. We highlight here the recent findings that have formed the basis for our current understanding of how macrolides can selectively inhibit protein synthesis and act as modulators of translation.
Macrolides Do Not Stop Global Translation but Inhibit the Synthesis of a Subset of Proteins
One striking observation that could not be easily explained by the traditional model of macrolide action was that protein synthesis is not completely inhibited even in cells exposed to very high concentrations of macrolides -exceeding by many-fold the minimal inhibitory concentration (MIC) that prevents cell growth. For example, in Escherichia coli cells treated with 100-fold MIC of ERY, 5-7% of total protein continues to be synthesized, whereas $25% of translation persists in cells exposed to equivalent concentrations of telithromycin (TEL) [10] , or as high as 40% with pikromycin (PKM) [11] . Remarkably, instead of equally curtailing the synthesis of all proteins, macrolides virtually abolish the production of several specific polypeptides, whereas some others continue to be translated at levels comparable to those in untreated cells ( Figure 1E ) [10, 11] . These findings were in line with earlier observations that the extent of macrolide inhibition varied dramatically for different reporter proteins used in in vitro experiments [4, 12] .
A key feature of macrolide action emerged from these results: instead of being global inhibitors of translation, macrolides selectively interfere with the production of a subset of proteins.
What Distinguishes Macrolide-Sensitive from Macrolide-Resistant Proteins?
It has been known that specific short peptides synthesized by the ribosome are able to cotranslationally eject a macrolide molecule from its binding site in the NPET [13] [14] [15] [16] . By analogy, if the N-terminal sequence of a cellular protein can dislodge the antibiotic from the ribosome, the evicted antibiotic would not be able to rebind until translation of the protein is complete because the NPET of the elongating ribosome is occupied by a growing polypeptide [4, 17] . The key postulate of this drug-eviction model is that resistant proteins are synthesized by the drug-free ribosome.
While the eviction model is attractive and may contribute to the selective escape of some polypeptides, biochemical evidence strongly argues that the synthesis of many, possibly most, cellular proteins resistant to macrolides occurs on ribosomes that retain the antibiotic molecules [10] . Although ostensibly controversial, this possibility is compatible with the known X-ray structures of the macrolide-bound ribosome, showing that the aperture of the drugobstructed NPET is in fact wide enough to allow unfolded nascent proteins to be threaded through [6, 18] . The more recent structures of the ERY-bound translating ribosome carrying a nascent peptide clearly demonstrate that a protein chain can be fairly comfortably accommodated in the NPET together with the antibiotic [19] [20] [21] (Figure 1D ). These findings have validated a seemingly heretic proposal, expressed by Weisblum more than two decades ago, that some nascent peptides could potentially slip through the macrolide-obstructed exit tunnel [22] .
If the macrolide molecule does not stop the growing protein from advancing through the NPET, then why do macrolides prevent the translation of so many proteins? The answer to this question came from ribosome profiling (ribo-seq) experiments that provided the key Box 1. Macrolides: Chemical Structure and Brief History A macrolactone ring, which can range in size from 12 to 16 atoms, forms the core of the ribosome-binding macrolide antibiotics. Most of the clinically relevant macrolides contain a 14 (e.g., ERY and clarithromycin) or 15 atom (AZI) core ( Figure I ). The side chains appended to the macrolactone define many important biological and clinical properties of macrolides. Specific sugar residues are usually linked at the C3 and C5 positions of the ring. For example, ERY contains C3 cladinose and C5 desosamine. In clinical (e.g., TEL) and natural (e.g., PKM) ketolides (Figure I ), the C3 sugar is substituted by a keto group (hence the name of the class). The most active semisynthetic ketolides also carry an extended alkyl-aryl side chain whose presence is important for activity and whose attachment site differs among different drugs [79] [80] [81] .
Macrolides are among the oldest and most clinically successful ribosome-targeting antibiotics. The prototype macrolide, erythromycin A ( Figure I ), was discovered more than 65 years ago and has been used clinically since the 1950s [82] . Macrolides of the second generation (e.g., clarithromycin, roxithromycin, and AZI), that were developed in the 1980s, exhibit improved pharmacological properties [83] . Subsequent spread of resistance spurred the advancement of a newer generation of macrolides, called the ketolides, such as TEL ( Figure I ) or solithromycin, that showed enhanced activity against some of the resistant strains. Although side effects associated with their toxicity have so far precluded the broad clinical use of ketolides, their high antibacterial potency keeps them in the crosshairs of ongoing drug discovery efforts [84] [85] [86] . A recent breakthrough in the combinatorial chemical synthesis of macrolides raises new hopes of finding a diverse array of even more potent derivatives [87] . The ribosome is composed of two subunits, small and large (30S and 50S, respectively, in bacteria) ( Figure I ). The small subunit is in charge of decoding the genetic information encoded in mRNAs while the large subunit is responsible for polymerizing amino acids into proteins. The ribosome contains three tRNA binding sites: the growing protein chain is attached to the tRNA located in the P (peptidyl) site, while the incoming amino acid is delivered to the ribosome by aminoacyl-tRNA that binds in the A (aminoacyl) site. On its way out of the ribosome, the deacylated tRNA resides in the E (exit) site (not shown in Figure I ). Addition of individual amino acids to the growing protein is catalyzed in the PTC of the large ribosomal subunit. Formation of a new peptide bond occurs as the result of nucleophilic attack of the A-site amino acid onto the carbonyl carbon atom of the ester bond linking the nascent peptide to the P-site tRNA ( Figure I ). The efficiency of peptide bond formation depends on the nature of the donor and acceptor substrates participating in the reaction [88, 89] . The elongating protein is threaded through the NPET on its way out to the cytoplasm ( Figure I ). Instead of being a passive passageway, the NPET is a functionally important compartment that is capable of sensing the structure of the growing protein and modulating ribosome function in response not only to the peptide sequence but also to cues from the environment [18, 90, 91] . It is here in the NPET where macrolides bind, at a short distance from the PTC [6, 78, [92] [93] [94] .
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breakthrough in our understanding of the mechanism that underlies the protein specificity of macrolides. Ribo-seq technology shows the distribution of ribosomes along translated mRNAs: peaks of ribosome density build up at the codons where translation slows down, whereas the codons that are traversed faster have fewer ribosomes associated with them [23] ( By comparing the distribution of ribosomes on mRNAs in untreated and drug-exposed cells, it is possible to determine not only whether the antibiotic abolishes translation of a gene but also at which specific mRNA codon(s) the translation is arrested. A cross-cut of the ribosome showing the A (aminoacyl) and P (peptidyl)-site tRNAs (orange and blue, respectively) and a segment of mRNA (magenta). Erythromycin (ERY; green) and all the other macrolides bind in the NPET at a short distance from the peptidyl transferase center (PTC). (B) The macrolide binding site is composed primarily of rRNA. The macrolactone ring of different macrolides (for comparison, the structures of ERY, green, and TEL, blue, have been superimposed) lies flat against the NPET wall, and the C3 and C5 sugars protrude towards the PTC but do not reach its active site. C5 desosamine interacts with the splayed-out A2058 and A2059 rRNA residues in the NPET. C2610 nucleotide contacts C3 cladinose (present in ERY, but lacking in telithromycin, TEL). The alkyl-aryl side chain of ketolides, such as TEL, usually extends away from the PTC: in E. coli, it interacts with the A752-U2609 base pair, but its placement may differ in other bacteria [74, 75, 78] . The loops of proteins L4 and L22, which form a constriction in the NPET, may directly interact with the side chains of some macrolides [76] . Ribo-seq analysis showed that translation of nearly 80% of the genes in macrolide-treated cells proceeds beyond the early codons [24, 25] , demonstrating that early interruption of protein elongation could be a contributing factor, but is clearly not the main mode of macrolide action. The most remarkable finding, however, was that translation of many mRNAs was arrested at a few distinct sites throughout their length (Figure 2A,B) . Analysis of the sites of the most pronounced drug-induced translational arrest showed that they are defined by specific sequence signatures [24, 25] , which we will refer to as macrolide arrest motifs (MAMs) ( Figure 2C ). The macrolide-bound ribosome stalls when it needs to polymerize the amino acid sequence of a MAM. Because the stalled ribosome peaks could be found anywhere within the open reading frames (ORFs), drug-arrested ribosomes often carry nascent polypeptides that span the entire length of the NPET. This result corroborated the structural and biochemical evidence that the growing protein can coexist with the macrolide molecule in the NPET of the translating ribosome ( Figure 1D ).
If a protein lacks MAMs, translation of its gene remains essentially impervious to the macrolide presence [10, 11] ( Figure 1E ) and high ribosome density is observed along the entire length of the ORF [24, 25] ( Figure 2B ).
Ribo-seq data pointed to another important aspect of macrolide action. Although all ribosometargeting macrolides bind to the same site in the NPET (Figure 1B) , the specificity of action crucially depends on their chemical structure. As a result, the sites of translation arrests and the spectra of the affected proteins vary in cells treated with different macrolides. The Lys/Arg-XLys/Arg motif accounts for nearly 80% of the strongest ketolide arrest sites, but cladinosecontaining ERY or azithromycin (AZI) inhibit translation not only at this motif but at a wider array of MAMs ( Figure 2C) . The broader the variety of MAMs, the higher the chance that a protein will contain at least one of them. For this reason, ERY and AZI preclude the synthesis of more proteins ( Figure 1C ), whereas ketolides emerge as more selective inhibitors of translation that allow more proteins to be synthesized. By rationally modifying the structural features of the drugs, it is hypothetically possible not only to control the affinity or kinetics of drug-ribosome interactions [26] but also to modulate the spectrum of proteins whose translation is inhibited by the antibiotic.
Implications of the Dynamics of Antibiotic-Ribosome Interactions for the Mechanism of Macrolide Action
The understanding that the nascent chain can coexist in the NPET with the macrolide molecule (Figure 2A ,D) changes our perception of the dynamics of drug-ribosome interactions. Because the entrance into the NPET from the peptidyl transferase center (PTC) (Box 2) side is too narrow, it has been suggested that macrolides access their binding site by diffusing through the tunnel from its exit [27] . When the NPET is vacant, the bound inhibitor can freely exchange with the unbound drug and exist in dynamic equilibrium with the antibiotic in the cell cytoplasm. However, when the ribosome is engaged in translation, the nascent protein, advancing through the NPET, will eventually trap the macrolide molecule, making its departure impossible. The efficiency of antibiotic trapping is determined by the rates of the nascent peptide advancement through the NPET, drug dissociation, and peptidyl-tRNA drop-off [28] ; all these kinetic parameters may depend on the nature of the synthesized protein. Once the N-terminus of the growing protein chain has bypassed the macrolide molecule, it should hinder antibiotic dissociation by narrowing the NPET constriction formed by the loops of ribosomal proteins L4 and L22 ( Figure 1B) . Only upon release of the completed protein will the drug regain its ability to be exchanged with the cytoplasm. The duration of the antibiotic trapping could be significantly extended when translation is arrested at a MAM, possibly accounting, at least in part, for the prolonged post-antibiotic effects of some macrolides [29, 30] . Although ribo-seq data and single-molecule fluorescence studies show that translation arrest at a MAM is transient [24, 25, 31] , we know very little about the kinetics of macrolide-induced ribosome stalling.
The dynamics of the drug-ribosome interaction may have important practical implications.
Depending on their structure, macrolides can significantly vary in their ability to simply stop cells from growing (and thus act as bacteriostatic drugs) or actively kill bacteria, preventing their regrowth upon removal of the antibiotic (thereby acting as bactericidal agents) [32] . Recent studies have shown that the kinetics of binding and dissociation from the ribosome rather than mere affinity is the crucial parameter that distinguishes between bacteriostatic and bactericidal macrolides [26] . Drugs that lack an extended alky-aryl side chain, such as that seen in the structure of TEL (Box 1), rapidly vacate the ribosome and exhibit primarily bacteriostatic action, whereas antibiotics that carry such an appendage exhibit much slower dissociation kinetics that correlate with their bactericidal activity [26] . Therefore, taking into account not only the affinity of macrolides for the ribosome, but also the dynamics of their interaction with the target, should guide future efforts for improving drug-treatment regimens.
Macrolides as Modulators of Peptide Bond Formation
One of the most unexpected aspects of macrolide action is that the MAM is not juxtaposed with the macrolide molecule in the NPET at the moment of translation arrest. Instead, the ribosome stalls when the MAM residues are positioned at the PTC -and thus are too distant to establish extensive direct contacts with the antibiotic molecule (Figure 3 ). This means that the MAM sequence presents a problem not because it is simply stuck in the drug-obstructed NPET but because the macrolide-bound ribosome is unable to polymerize it. Protein synthesis stops because macrolides prevent the ribosome from catalyzing peptide bond formation (Box 2) between the MAM residues [21,33-35], as has been also shown previously for specific combinations of artificial donor and acceptor substrates [36] [37] [38] (Figure 3A-C) . Therefore, instead of being simple tunnel plugs, macrolide antibiotics emerge as context-specific inhibitors of peptide bond formation.
We are only starting to understand why polymerizing particular sequence motifs is difficult for the macrolide-bound ribosome. Biochemical experiments have shown that the positive charge of the key amino acids of the Lys/Arg-X-Lys/Arg motif accounts for its problematic nature; hence, this MAM is referred to as the +X+ motif [35] . Consistently, macrolides do not usually disrupt polymerization of the sequence Asp/Glu-X-Asp/Glu, where the charges of the main residues of the motif are reversed [35]. However, not only the charge but also the length of the Arg and Lys side chains, the longest among the 20 canonical amino acids, is important for translation arrest. In fact, replacing the Lys residue of the Arg-X-Lys sequence with aminoalanine, which carries a positively charged but relatively short side chain, lessens the ability of the macrolides to inhibit peptide bond formation [35] .
In the absence of a high-resolution structure of the translation complex stalled at the +X+ MAM, we can only speculate as to why polymerizing this sequence is difficult for the macrolide-bound ribosome ( Figure 3A) . However, cryo-electron microscopy (cryo-EM) has provided important insights into macrolide-dependent ribosome stalling at some other MAMs ( Figure 3B-D) .
Most of these studies have been carried out using regulatory ORFs of macrolide resistance genes that contain strategically placed MAMs directing programmed ribosome stalling (see section below). Analysis of the ERY-bound ribosome stalled at the MAMs encoded in the ermBL and ermCL ORFs showed that the nascent peptide, whose placement in the NPET is constrained by the antibiotic, could be actively involved in the stalling mechanism [19] [20] [21] . The idiosyncratic trajectory of ErmBL translation causes the misplacement and reorientation of its C-terminal residue in the PTC, and this is expected to impede the catalysis of peptide bond formation [19] ( Figure 3B) . Similarly, the C-terminal residue of ErmCL also appears to be displaced in the PTC of the macrolide-bound ribosome [20] ( Figure 3B ). Because the trajectory of the nascent chain in the drug-obstructed NPET is dictated by the amino acid sequence of the peptide ( Figure 3D ) [19] [20] [21] , not only the MAM (which is mostly confined to the PTC) but also more distant segments of the growing protein are likely to modulate the efficiency of stalling. This conclusion resonates well with the results of ribo-seq studies showing that not every potential MAM causes translation arrest [24, 25] ( Figure 2D ).
The analysis of the macrolide-stalled ribosomal complexes consistently showed rearrangement of nucleotides in the PTC active site (e.g., U2585), whose conformations in the drug-arrested ribosome are likely incompatible with the efficient catalysis of peptide bond formation [19] [20] [21] ( Figure 3B,C) . Importantly, even binding of a macrolide molecule to the vacant ribosome can already allosterically induce changes in the structure of the PTC [39] . Thus, the ribosome is likely able to integrate the signals generated by the nascent peptide and the antibiotic stalling cofactor [40, 41] . Although illuminating, the available cryo-EM reconstructions still lack an important control: the structure of a macrolide-bound ribosome with a nascent chain lacking a MAM. In the absence of such a reference, it is impossible to conclude which of the many idiosyncrasies observed in the stalled ribosome complex are directly pertinent to drug-induced translation arrest. However, overall, the understanding that macrolides are context-specific ribosome modulators leads to a concise model for the mechanism of action of these drugs, where the fate of the protein to be synthesized by the macrolide-bound ribosome is defined by its amino acid sequence (Figure 4, Key Figure) .
The Context-Specificity of Macrolide Action Controls Inducible Resistance
One of the most important mechanisms of resistance to macrolide antibiotics is modification of a 23S rRNA adenine residue (A2058 in E. coli) in the macrolide binding site ( Figure 1B ) [42, 43] . Methylation of this nucleotide, catalyzed by erythromycin-resistance methyltransferases (Erms), precludes antibiotic binding. However, the resistance conferred by A2058 methylation comes at a cost: it affects the translation of some proteins, skews the cellular proteome, and results in reduced cell fitness [44] . ? ? Figure 4 . Translation of any protein can be initiated by the macrolide (green star)-bound ribosome, and the N-termini of the majority of polypeptides can be threaded through the drug-obstructed nascent peptide exit tunnel (NPET). The subsequent fate of the protein being synthesized depends on its sequence and the structure of the bound antibiotic. (I) Translation of sensitive proteins is interrupted because the drug-bound ribosome is unable to efficiently catalyze peptide bond formation during synthesis of the macrolide arrest motif (MAM) sequence. The structure of the macrolide molecule bound in the NPET dictates the spectrum of the MAM sequences, and therefore defines which proteins will be inhibited. If translation is arrested close to the start of the open reading frame (ORF), when the nascent peptide is short (<10 amino acids), the peptidyl-tRNA likely dissociates from the ribosome (an effect known as peptidyl-tRNA drop-off) [7, 8, 77] . (II) If the protein sequence lacks MAMs, its translation will proceed unimpeded and the full-size protein will be produced in the cell exposed to the antibiotic. (III) Hypothetically, some proteins might be able to dislodge the antibiotic from the ribosome at the early stages of translation; in this case the drug-free ribosome completes the synthesis of such protein. Antibiotic eviction has been observed with some artificial short peptides [13] [14] [15] [16] , but has not yet been demonstrated for cellular polypeptides; however, this scenario remains a possibility for at least some of the bacterial proteins.
antibiotic threat [45, 46] . In the absence of the antibiotic, inducible macrolide resistance genes are translationally or transcriptionally repressed due to unfavorable mRNA folding ( Figure 5A ) [47, 48] . The presence of the macrolide directs programmed ribosome stalling at a specific codon of the short upstream ORF (leader ORF), and stalling at this site triggers mRNA refolding and activation of the expression of the resistance gene [42] ( Figure 5A ). The sequence of the leader ORFs and the spectra of the inducing macrolide antibiotics vary between different resistance genes [42, [49] [50] [51] .
Although the general operation of the induction mechanism was elucidated several decades ago (reviewed in [42, 51] ), key questions remained unanswered. Why is translation arrested at one specific codon of the leader ORF? How could the macrolide-bound ribosome even reach the site of productive translation arrest? Why are different Erm resistance genes induced by different antibiotics? The now-understood context-specificity of macrolide action provides answers to these questions because the leader ORFs encode peptides with strategically placed MAMs. The locations of MAMs within the leader peptide sequences have been evolutionarily optimized to arrest translation specifically at the codons where the stalled ribosome can induce the 'ON' conformation of the mRNA ( Figure 5B ). The leader ORFs of many macrolide resistance genes encode the +X+ motif [39, 50, 52] . Leader ORFs of other resistance genes may carry different MAMs identified by ribo-seq experiments [20, 53] ( Figure 2B ). The nature of the MAM in the leader ORF-encoded peptide defines the spectrum of macrolides that can act as inducers of resistance [40, 49, 54] . It is hypothetically possible to engineer macrolides that, while being able to inhibit synthesis of some proteins, would not induce ribosome stalling at MAMs of regulatory genes, thereby avoiding activation of resistance.
Macrolides Can Induce Miscoding and Ribosomal Frameshifting
In addition to the ability of macrolides to stall the ribosome within specific sequence contexts, a less-appreciated property of these drugs is their capacity to induce translation errors [55] . Although the nature of these effects is unclear, it is conceivable that inhibition of PTC functions (peptide bond formation or peptide release) resulting in an altered kinetics of translation could increase the chance of faulty events such as accommodation in the A site of a near-cognate aminoacyl-tRNA.
Macrolides can also stimulate ribosomal frameshifting. Interestingly, this activity accounts for an unconventional scenario of induction of resistance [56] . Cladinose-containing macrolides (e.g., ERY) activate expression of the ermC resistance gene via programmed translation arrest at the Ile-9 codon of the 19-codon ermCL leader ORF [33, 45, 46] ( Figure 5A ). Ketolides (e.g., TEL) do not direct stalling at ermCL MAM [33, 40, 57] but are nevertheless capable of inducing ermC, albeit with a lower efficiency compared to ERY [58] . This unconventional induction mechanism exploits the ability of the ribosome with bound TEL to reach the end of the ermCL leader ORF, where it slips to the (À1) frame ( Figure 5C ). Continuous translation through the ermCL-ermC intergenic region results in activation of the resistance gene [56] . Two aspects of macrolide action, the drug-specificity of the ribosomal response to MAMs and the ability of macrolides to provoke translation errors, make this unexpected induction scheme possible.
The overall contribution of macrolide-induced miscoding to the antibacterial action of these antibiotics remains to be elucidated.
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ermCL ermC Ribosome stalling at specific MAMs in response to different macrolides is only one manifestation of a more general phenomenon: modulation of translation by small molecules. Importantly, the capacity of the ribosome to recognize and respond to specific small molecules is uniquely modulated by the properties of the nascent protein. This ribosomal feature is vividly illustrated by mutations of the ErmBL peptide: by changing a single amino acid in the X-Asp-Lys MAM of ErmBL, it is possible to direct ribosome stalling, and hence activation of expression of the downstream gene, in response to the presence of only cladinose-containing macrolides, only ketolides, or of both types of drugs [59] ( Figure 6A ).
The ribosomal property to act as a small-molecule sensor is not limited to detecting only antibiotics: other molecules, which generally do not inhibit protein synthesis, can be recognized in a similar fashion. For example, expression of the tna operon in several bacterial species is based on recognition by the ribosome of elevated concentrations of L-tryptophan in the cell. Tryptophan sensing is aided by the TnaC nascent peptide and results in programmed translation arrest of the tnaC gene [60, 61] . Although many details of tryptophan-induced stalling remain unclear, the regulatory tryptophan molecule likely binds at (or close to) the site of macrolide binding in the NPET [62, 63] (Figure 6B ), a crevice that has been proposed to serve as a binding pocket for different hydrophobic molecules [64] . Conceivably, specific amino acid sequences of nascent protein chains could facilitate binding and recognition of different effectors in this site. Furthermore, other binding sites in the NPET could be exploited by different small molecules that are known to cooperate with nascent peptides in inducing programmed translation arrest (reviewed in [65] ).
Regulating translation via the interplay between small molecules and nascent peptides may extend beyond the bacterial ribosome. Although no antibiotics binding in the NPET of the eukaryotic cytoplasmic ribosome are currently known [66] , a recent report of an inhibitor of protein PCSK9 involved in cholesterol homeostasis may represent the first such example [67, 68] . The ribosome-targeting small molecule PF-06446846 selectively inhibits the translation of only a handful of proteins in human cells, including PCSK9. Similarly to macrolides, PF-06446846 binds in the NPET and cooperates with the nascent protein chain in inducing site-specific translation arrest [68, 69] . Future studies will likely reveal many more examples of gene control mechanisms involving nascent peptide-assisted small-molecule sensing.
the 'OFF' conformation of the intergenic region of the mRNA precludes access to its translation initiation site. When macrolide is present, translation of the leader ORF is arrested at a specific codon within a macrolide arrest motif (MAM; red rectangle). The stalled ribosome rearranges the mRNA structure into the 'ON' conformation, releasing the initiation site of the resistance gene and activating its expression. The MAM location is optimal for the paused ribosome to activate isomerization of the mRNA structure. In a similar scenario, ribosome stalling at the leader ORF can activate attenuated transcription of some of the resistance genes. (B) Programmed ribosome arrest relies on the MAMs (dotted rectangle) encoded in the leader ORFs. The Val-Asp-Lys (the X-Asp-Lys MAM) is embedded in the ermBL gene, while the Arg-Lys-Arg (the +X+ MAM), is found in ermDL. The codon where the ribosome stalls in the presence of antibiotic is indicated by an arrowhead. The amino acids essential for programmed translation arrest are shown in red. (C) Macrolide-induced miscoding accounts for unorthodox induction of resistance. The ribosome with bound telithromycin (TEL, blue star) ignores the stall site within the ermCL ORF, where erythromycin (ERY) would arrest translation at the Ile-9 codon (red arrowhead) of the Ile-Phe-Val-Ile MAM (dotted rectangle). Therefore, the TEL-bound ribosome traverses the entire ermCL ORF and reaches its last two Lys codons with the sequence AAA AAA (red), where TEL stimulates (À1) ribosomal frameshifting. Upon frameshifting, the 0-frame stop codon of the ermCL ORF is skipped and the ribosome continues translation through the intergenic region, dynamically unfolding the mRNA structure and releasing the translation initiation site of the resistance gene.
Concluding Remarks
The NPET, whose existence was proposed decades ago [70] , was initially viewed as a functionally inert crawlway. Research during the recent years has shown that the NPET is a dynamic and functionally important compartment that endows the ribosome with the ability to sense the nature of the protein it synthesizes and to respond to environmental cues, including the presence of specific small molecules. We now recognize the NPET as a hub for nascent protein-based translation regulation.
The closely examined stalling scenarios involving small molecules differ in several important details. However, a common theme is starting to emerge: the presence of a small-molecule cofactor and a specific nascent peptide is sensed in the NPET [40, 60, [71] [72] [73] . The cofactor bound to the ribosome restricts the freedom of movement of the growing protein, forcing it to adopt a specific trajectory. The nascent protein, locked in a defined conformation, and the cofactor molecule both engage specific elements of the NPET, and the integrated signal is then relayed to the PTC. Under the influence of the stalling signal, the properties of the PTC are altered in such way that formation of peptide bonds between specific donor and acceptor substrates becomes inefficient.
In this common scheme of events, macrolide antibiotics, rather than being simple, nonselective protein synthesis inhibitors, represent one example of context-specific translation Figure 6 . Nascent Peptides Turn the Ribosome into a Small-Molecule Sensor. (A) Single amino acid changes in the ErmBL nascent peptide alter the ribosomal response to structurally different macrolides. The reporter cassette in which the resistance gene was replaced with lacZ mimics an inducible erm resistance operon ( Figure 5 ). Reporter induction is visualized by the green color of the cell lawn in the vicinity of an antibiotic-containing disk placed on the agar plate. Both ketolide (telithromycin, TEL) and cladinose-containing erythromycin (ERY) arrest ermBL translation and activate the reporter when the 10th codon (red) of ermBL specifies Asp (wild type). Changing the 10th codon to Glu preserves the response to ERY but eliminates the response to TEL. Tyr-10 allows the ribosome to respond exclusively to ketolides. Val-10 precludes the response to either TEL or ERY. (B) The TnaC nascent peptide allows sensing of tryptophan. Activation of the tna operon depends on ribosome stalling on the tnaC leader open reading frame (ORF) [60, 61] . Structural studies of the TnaC-stalled ribosome suggest that one of the two tryptophan molecules binds at the A2058/A2059 crevice (left image) [63] , the same site that is exploited by macrolide antibiotics for binding to the ribosome (right image) [78] . Similarly to the coordinated action of macrolides and nascent peptide in inducing translation arrest, the TnaC peptide cooperates with tryptophan to disrupt peptidyl transferase center (PTC) function and stall the ribosome at the last sense codon of the tnaC ORF.
TEL ERY (A) (B)
arrest cofactors. The spectrum of known macrolides, emerging approaches for the synthesis of novel derivatives, and new technologies for studying their effects on translation make this class of protein synthesis modulators an ideal model for unraveling the fundamental mechanisms of nascent peptide-based translation control. 
